The hindered rotational states of molecules confined in crystal fields of octahedral symmetry, and their time-dependent alignment obtained by pulsed nonresonant laser fields, are studied computationally. The control over the molecular axis direction is discussed based on the evolution of the rotational wave packet generated in the cubic crystal-field potential. The alignment degree obtained in a cooperative case, where the alignment field is applied in a favorable crystal-field direction, or in a competitive direction, where the crystal field has a saddle point, is presented. The investigation is divided into two time regimes where the pulse duration is either ultrashort, leading to nonadiabatic dynamics, or long with respect to period of molecular libration, which leads to synchronous alignment due to nearly adiabatic following. The results are contrasted to existing gas phase studies. The use of nonadiabatic alignment for interrogation of crystal-field energetics and the use of adiabatic alignment for directional control of molecular dynamics in solids are proposed as practical applications.
I. INTRODUCTION
multiplets that we shall designate as librational manifolds. As long as the energies are lower than the barrier heights, the dynamics within each of these manifolds is prevailed by the tunneling effect [24] . Typically, for small diatomic molecules trapped in rare-gas matrices, the librational and tunneling energy splittings (in units of the rotational constant B) are of the order of 10 and 0.1, respectively [25] . Consequently, when considering thermal ensembles, we shall distinguish three different temperature regimes in the following. For an ultra-low temperature T ≈ 0.1 (in reduced units k B /B), only the ground state is populated despite the small energy gap to other tunneling states. In strong crystal fields the set of tunneling states is not separable by temperature due to the near degeneracy. In that librational limit, the situation resembles a low-temperature case T ≈ 1, where all the states within the multiplet are almost equally populated. Finally, for a high temperature T ≈ 10, many librational manifolds become populated.
The goal of alignment (and orientation) of molecules confined in matrices is to manipulate the directional properties of rotational densities with respect to crystallographic axes of the host lattice. In our previous work, the combined effect of (internal) octahedral potential and (external) light field on the alignment of linear molecules is investigated [26, 27] . It has been found that the resulting degree of alignment crucially depends on the relative orientation of the crystallographic axes and the polarization direction of the external field.
If the direction of the external field coincides with minima of the crystal field, a high (near unity) alignment can be achieved for specific states, even for low field strengths and high temperatures. Otherwise, high efficiency of these mechanisms is restricted to high fields and low temperatures. The present work extends the previous studies of alignment from the frequency/energy domain into the time domain. To this end, we investigate the rotational dynamics by numerically solving the time-dependent Schrödinger equation for the angular degrees of freedom of a translationally caged molecule interacting with a nonresonant laser pulse of varying pulse length σ (FWHM in units of rotational period h/2B of the J = 0 state). In analogy to the energy and temperature scales introduced above, we shall consider the following three cases: (1) In the (nearly sudden) limit of ultrashort pulses, σ ≈ 0.01, a rotational wave packet is created which is a coherent superposition of several librational manifolds. (2) For a short pulse, σ ≈ 0.1, only states within a single manifold are populated during the pulse. The first and second case shall be termed nonadiabatic with respect to librational and tunneling dynamics, respectively. In both these cases transient alignment signals, cos 2 θ , are to be analyzed. In particular, it shall be demonstrated how the quantum beats and revival structures can be used to reveal the underlying energy-level spacings which are inversely proportional to the temporal beatings of the field-free states comprising the wave packet [12, 13, 28] . This allows to deduce information about the crystal field itself which is usually not known a priori. (3) Finally, the case of long pulses, σ ≈ 1, can be used to create a directionally anisotropic sample transiently during the pulse. Here we show that the adiabatic alignment serves to provide a suitable precondition for controlling subsequent photoinduced physics and chemistry in the solid. One can affect, e. g., vibrational
wave-packet dynamics induced by pump-probe electronic excitation schemes [29, 30, 31] .
In the present work we concentrate on a thermal ensemble at low temperature, T = 1, where initially only the lowest librational manifold is essentially populated. Each of the six tunneling states in the set either end up with a coherent superposition of states (cases 1 and 2) that can be coupled by the field in multiple transition cycles, or evolve as a directional hybrid eigenstate (case 3). Different selection rules play a crucial role in determining the wave-packet composition.
II. COMPUTATIONAL METHOD
As a model system we consider a molecule in an electronically nondegenerate 1 Σ state.
The cubic crystal field constrains its translational degrees of freedom to a site of octahedral symmetry while its rotational motion is moderately hindered, but not completely restricted, by the surroundings. This is often realized for diatomic impurities which are small enough to fit in a monosubstitutional lattice site [25] . As described before in Refs. [26, 27] and justified therein, we assume the molecular center of mass (c.m.) to be fixed at a substitutional lattice site. Moreover, the center of interaction (c.i.) is assumed to coincide with the c.m., and an additional eccentric motion about a separate c.i. can be accounted for by an effective (reduced) rotational constant B = 2 /2I. Any deformations of the matrix in accommodating the impurity and in responding to impurity motions are neglected as we concentrate solely on the guest angular dynamics. Furthermore, we neglect any interaction between the laser field and the surrounding matrix.
The confined molecule has polarizability components parallel (α ) and perpendicular (α ⊥ ) to the molecular axis. It is subject to an intense nonresonant laser field E(t). The linear polarization direction of the field is along either one of the 100 or 110 crystallographic axes. The interaction then depends on the polar angle θ between the molecular axis and the field direction defining the laboratory frame (Ω), and on the orientation with respect to the solid cage frame (Ω ). For the 100 direction of the field, we have coinciding axes systems θ = θ, φ = φ whereas for 110 the relations are
We write the time-dependent Hamiltonian for the embedded molecule aŝ
whereĴ is the angular momentum operator having its origin at the c.m. of the guest molecule.
We present the static octahedral potential (crystal field) due to the solid surrounding as [27] V κ (θ , φ ; κ) = κ − 52 11
where κ is a dimensionless strength parameter (in units of B) and the angular functions V 4 (θ , φ ) and V 6 (θ , φ ) are the two lowest nontrivial surface harmonics which transform according to the A 1g representation of the O h point group [32, 33, 34, 35] . The time dependence of the alignment field squared,
is expressed in terms of its intensity envelope function g(τ ), and the constants c and are the phase velocity of light and electronic permeability, respectively, in the homogeneous medium. Note that the oscillation frequency ν is assumed far from any molecular resonances and can be averaged out. The pulse shape is assumed to be of the form
Hence, the laser pulses are characterized by the duration σ (full width at half maximum, FWHM) given in reduced units of time, τ = 2tB/h. The dimensionless intensity is ∆ω = ∆α 4B
4B ,
The molecule-laser interaction leads to an effective potential of the form
The present work is divided into investigations of rotational dynamics induced by (ultra)short and long pulses, according to the pulse width σ with respect to the rotational period of the free molecule t rot = h/2B, i. e., τ = 1. In the former, nonadiabatic case the duration samples a range below t rot , σ = (0.01-0.5)/π, whereas for the long pulse, adiabatic limit we consider pulse widths σ = 0.5-4.
The time-dependent Schrödinger equation corresponding to Eq. (1) is solved in spherical harmonics basis {Y J,M (θ, φ)} truncated at J max = 16. For each irreducible representation of the point groups involved, symmetry-adapted basis functions tabulated in Refs. [35, 36] have been used. In terms of the rotational density operator,
the signal function, i. e., the time-dependent degree of alignment is represented by the expectation value
where the double brackets indicate averaging over a thermal ensemble with Boltzmann ] for temperature. Note also that the energies E n presented are always given in units of B.
III. TIME-INDEPENDENT STATES
A. Crystal-field states
We use the same form of the octahedral crystal-field potential in Eq. (2) as in Ref. [27] , where its properties were described in detail. In particular, the potential has a sixfold set of symmetry equivalent minima in the 100 directions with energies V κ /κ = −1. Twelve equivalent saddle points (barriers between the minima) have zero energy, independent of κ, in the 110 directions, and an eightfold set of maxima with V κ /κ = 10/9 is found for the 111 directions. In our previous work, we have characterized how the internal crystal field affects the angular degrees of freedom of molecules trapped in octahedral fields [26, 27] .
As the crystal-field strength κ increases, the rotor states become gradually hindered and the rotational density distribution is more and more bound to the vicinity of the preferred crystallographic directions. Correspondingly, the rotational energies decrease below the potential barriers (zero of the potential energy) with the energy levels arranging in manifolds of rather high degeneracy. The lowest sixfold librational manifold of energetically close states forms at κ 15, composed of A 1g (1), T 1u (3), and E g (2) irreducible representations (degeneracies in parentheses). The first excited, twelvefold, librational manifold becomes bound for κ 55, where the energy gap to the lower set of levels is about 25. The ground and excited sets of levels correlate to the J = 0-2 and J = 2-4 free-rotor states, respectively. The sets of grouped states bound to small-angle libration are nominated as tunneling multiplets [24, 27] , indicating very low transition frequencies among different members.
For a ready reference, we give the energy-level spectra E n (κ) with κ = 25 and κ = 50 up to the n = 93 state in Table I . The energies are utilized also in Sec. IV B for the analysis of the time-dependent alignment signals. For the weaker crystal-field strength, the potential yields a tunneling splitting of ∆E t = 1.14 within the lowest librational manifold of six states (1A 1g -1E g ). For the stronger crystal field we are closer to the librational limit and the tunneling splitting reduces to ∆E t = 0.25. The energetic gap to the first librationally excited manifold of states is found to be 13 or 24 (1E g -1T 2g ) for κ = 25 or κ = 50, respectively [27] . Only in the latter case, another distinct librational splitting of 13 (1T 1g -2A 1g ) can be distinguished. = 0.153 at κ = 50. This is in contrast to the gas phase, where at this temperature mainly the ground (|00 ) state is populated (w 0 = 0.705).
B. Light-induced alignment
To give an idea of the rotational confinement with respect to the octahedral surrounding, we plot the rotational density of the ground (A 1g ) state at κ = 25 in Fig. 1 . For a few typical values of κ, we investigated in Refs. [26, 27] how the densities of the librational states can be manipulated by applying the external alignment field selectively with respect is restricted to high field strengths and low temperatures [27] .
We presented the dependence of the energy level spectra on the polarization direction and on the field strength ∆ω in Refs. [26, 27] by solving the time-independent Schrödinger equation. The adiabatic eigenproperties of the total Hamiltonian were shown to result from direct and indirect alignment effects. In the former case, the field mixes suitable high-lying |JM states into the state vector under consideration which becomes gradually squeezed along the field direction. In the latter case, perpendicular states are insensitive to the field but inherit alignment from higher parallel states of the same symmetry when they undergo an avoided crossing at relatively high values of ∆ω. The main features are reproduced in where a ∆ω range is swept by a pulse. Our treatment includes the explicit time dependence of the alignment field intensity, and depending on the sweep rate, i. e., the pulse duration, the populations follow the eigenstates of the total Hamiltonian adiabatically or not, i. e., a rotational wave packet is formed. Following the usual separation made in gas phase reports, we divide our study of time-dependent alignment into nonadiabatic (Sec. IV) and adiabatic (Sec. V) cases.
IV. NONADIABATIC ALIGNMENT OF LIBRATIONAL STATES A. Time-domain analysis
As a reference for our later work and to emphasize the importance of crystal-field effects,
we first consider the case of gas phase molecules. To this end, time-dependent alignment with ∆ω = 100 for the coupling strength and T = 1 for the temperature is studied. Figure 3 which exemplifies the degree of excitation in terms of expectation value J 2 after the pulse, we concentrate on the 0.01 < σ < 0.05 part in discussing the alignment in the following.
The first peak with high alignment of the angular density along the polarization axis of the external field is found close to τ = 0, i. e., while the pulse is still on but slightly retarded with After the laser pulse, the molecule is left in a coherent superposition of rotational states, and the time evolution of the wave packet exhibits recurrences in alignment. In particular, after t rot (τ = 1) the wave packet is again spatially aligned due to complete phase matching of the rotational components and the initial alignment peak is regained. In addition, a free molecule exhibits fractional rotational revivals as well. Half of the revival time, t rot /2 (τ = 1/2), after the (retarded) first peak, the density is delocalized in perpendicular plane ( cos 2 θ ≈ 0.2) with respect to the polarization of the field. This anti-alignment with tight angular width [13] is surrounded by two peaks with high parallel alignment (for σ = 0.016 even exceeding that of near τ = 0), and the whole pattern is repeated at 3t rot /2 as the coherence is maintained. Further oscillations in alignment signal function become washed out in thermal ensembles of gas-phase molecules [12, 13, 28] due to complex quantum beating and interference among the rotational wave packet. In summary, the simple relation for the spacing of the free-rotor energy levels of a linear gas-phase molecule (multiples of 2) leads to the observation of the (fractional) revival intervals. However, this feature based on simple phase-matching condition is distorted as soon as spherical symmetry is violated, i. e., for nonlinear molecules [2] .
The composition of the created post-pulse rotational density in terms of free-rotor states
is given in terms of thermally averaged populations n w n |C
in the middle panel of internal field strengths is kept constant at ∆ω/κ = 4, so that the excitation-field strength exceeds the barrier heights similarly in both cases. Each of the four cos 2 θ (σ, τ ) panels in Fig. 4 show similar graphical representations of the results as used above for the gas phase.
In particular, panels (a,b) with ∆ω = 100 are directly comparable to the left panel in Fig. 3 .
Post-pulse oscillations are present in all of the four cases considered here. As analyzed later on, this manifests the evolution of a rotational wave packet composed of crystal-field states, rather than free rotor states in the gas phase case. Adjacent to panels (a-d), we also plot representative cuts for the alignment at σ = 0.1/π.
In the solid, a maximal value of ≈ 0.7 for the alignment cosine is reached, see the color bar in Fig. 4 . Comparing with the gas phase result it is ≈ 10% lower due to different statistical weighting of the contributing states. Again, high peak of alignment occurs in all cases near the peak of the pulse. The alignment oscillations, resulting as the created superpositions of crystal-field states evolve after the pulse, are clearly distinct from the gas phase. In particular, the characteristic revival times for the gas phase are absent. Instead, the persistent interference pattern is the outcome of the highly irregular energy-level scheme of the trapped molecule, see Table I for E n , and the initial populations (n = 1-6 occupied) in the thermal ensemble. The rapid modulation of the alignment measure in the crystal field thus substantially differs from the gas-phase result. Unexpectedly, the maximal alignment is higher in the competitive cases (b,d) than in the cooperative cases (a,c), especially for σ < 0.05. Noteworthy is also the different shape of the first alignment peak. For σ > 0.05 the competitive cases already resemble the adiabatic following, i. e., the alignment peak becomes symmetric, only slightly retarded with respect to τ = 0, and the oscillation after the pulse is suppressed to a rather weak modulation. In the cooperative cases, the first peak is narrower and not so distinct from the further high-frequency oscillations that ride on a background leading to time-averaged alignment well above 1/3. As explained below, qualitatively different excitation mechanisms govern the competitive cases (b) and (d) due to different selection rules. Most distinctly in Fig. 4 , the time-averaged alignment values remain considerably lower than in the cooperative cases.
The direction dependent composition of the created post-pulse wave-packet state of crystal-field states |n at τ = τ f ,
is given in Fig. 5 , again in terms of thermally averaged populations n w n |C within each of the irreducible representations of the subgroups are allowed. In particular, this also implies that the nonresonant alignment field conserves parity. For example, from the initially occupied states n = 1 and n = 5-6 transitions can only occur to gerade states, whereas states n = 2-4 can only mix with other ungerade states of the same symmetry. In the thermal average, both g-g and u-u combinations contribute to the observed alignment oscillations. Figure 5 represents the effect of selection rules in creating the wave packet.
Differences in transition schemes for the same crystal field but for different polarizations can be seen by comparing the pairs (a) and (b) or (c) and (d Starting from the post-pulse wave packet of Eq. (8), the field-free evolution of the alignment signal S(τ ) = cos 2 θ (τ ) in terms of the crystal-field states is given by
where
θ|n expresses the time-independent part separated from the oscillating signal, with A n n = n w n C (n) the τ p equals 2p/4, i. e., τ p = t rot /2 × p including the half and full revivals discussed above.
For the second nearest g-g or u-u pairs (0, 2) − (2, 4) or (1, 3) − (3, 5), the condition is τ p = 2p/8 = t rot /4 × p, which includes the half and full revivals for even p. For the third nearest pair (0, 2) − (3, 5), the condition τ p = 2p/12 prevails and the t rot /2 is met at p = 3.
In other words, at half and full revivals all the free-rotor components are guaranteed to be in phase.
Similarly as in the gas phase case (see Fig. 3 ), the level of excitation becomes limited for long pulses, and high n(J) levels corresponding to fast oscillations are found in the wave packet only up to σ ≈ 0.05. In case (a) of Fig. 4 the rapid alignment oscillations are superimposed on a long-period (≈ 2t rot ) background, which can be seen in the horizontal cut for σ = 0.032. This indicates the presence of a small splitting ∆E nn . Instead of ∆E nn = 2 of the free molecules, the smallest splitting here corresponds to the tunneling splitting within the initially populated librational manifold. One can expect dominant long periods in alignment recurrences especially for wave packets composed of low-n(J) levels. This is indeed observed for the case presented in Fig. 4 reflects a different buildup of the wave packet. In particular, the broadness and the center of the wave packet shift upon lengthening the pulse as will be shown below.
B. Energy-domain analysis
In this section we present an analysis of the time-dependent alignment in the energy/frequency domain. To this end, we perform Fourier transforms of the time series presented above. The power spectrum of the signal expression can be written as
In the limit of τ max → ∞ this yields a set of delta distributions, located at the transition frequencies π∆E nn present in the wave packet. Obviously, this spectrum can be used to learn the energies and corresponding intensities of transitions between the crystal-field states occupied by the pulse. Hence, the energy-level scheme of librational states in a crystal field can be deduced to a certain extent from the observed modulation of a time-dependent alignment signal. This is manifest in Fig. 6 , where we present the FFT power spectrum in energy scale ∆E for a single value of the pulse width, σ = 0.032 and for τ max = 1. here, various models for the interaction with the internal field and/or their parameters (here the strength κ) can be distinguished. In particular for the shorter pulses investigated here,
we have found that a very wide range of transitions becomes available by the nonresonant, nonadiabatic pulses. Hence, time-dependent spectroscopy can be used to study spectral regions which would be hard to access otherwise, e. g., by conventional (CW) spectroscopy due to the inconvenient wavelengths [25] . In addition, the ultrafast alignment concept has recently been shown to provide a method for direct interrogation of dynamics and coherence spectroscopy in dissipative media [21, 22] .
V. ADIABATIC ALIGNMENT CONTROL IN CRYSTAL FIELDS
In our previous reports [26, 27] we presented energy levels, wave functions, and (thermally averaged) expectation values of alignment (and orientation) for different field parameters.
In particular, the latter were shown to depend not only on the field strength but also on the relative directions of internal (crystal) and external (laser) fields. Both in the cooperative and competitive case, intriguing flips of rotational density from horizontal (essentially unaligned)
states to vertical (highly aligned) states were observed upon increasing the field strengths.
They could be assigned to avoided crossings of energy levels E n (κ; ∆ω) of same symmetry states. Since those studies were conducted in a time-independent fashion, a dynamical interpretation of the behavior at these crossings had to be restricted to the adiabatic limit of infinitely long pulses.
In this section we address the case of pulses that are finite but long compared with typical time scales of the dynamical processes under investigation. For molecular alignment in the gas phase, the adiabatic regime is met when the pulse width is of the order of the rotational period and above. Assuming that the ratio of Rabi coupling and rotational energy determines the alignment degree during the pulse, Seideman [28] has found cos
for light molecules at low temperatures. A nontrivial question is the change of these aspects for rotational dynamics in a crystalline environment. First of all, we need to reformulate the adiabatic condition with respect to librational motion and tunneling. For the crystal-field strength κ = 25 chosen here, the tunneling frequency ν t = ∆E t /h is roughly half the gas phase rotational frequency, see Table I . Hence, it is expected that twice as long pulses are needed to achieve fully adiabatic alignment. Since the tunneling frequency decreases as the crystal-field strength κ increases, even longer pulses are required to reach the adiabatic limit for κ = 50 with respect to tunneling dynamics. On the other hand, the opposite trend for the κ-dependence of the crystal-field splitting between librational manifolds suggests that shorter pulses should suffice for an adiabatic condition with respect to libration, i. e., the hybridization of crystal-field states into an eigenstate of the total alignment Hamiltonian.
We compare the long-pulse alignment of a gas-phase molecule to the D 4h and D 2h symmetric solid-state cases in Fig. 8 . The topmost panel for the gas phase reproduces the known result, that the pulse duration needs to satisfy the σ 1 condition for completely adiabatic evolution with only the |0, 0 state populated at the end of the pulse [37] , and compares well with Seideman's formula given above. For shorter pulses, σ = 0.5, also the |2, 0 state becomes populated and the post-pulse evolution is governed by oscillations with a period of τ p = 1/3. The lower panels in Fig. 8 show that the pulse widths applied for the gas phase, σ = 0.5, 1, and 1.5, are too short to achieve adiabatic alignment in a crystal field with κ = 25.
Even for σ = 2, the thermally averaged alignment degree exhibits large-amplitude post-pulse oscillation with a period of 1. The remaining long-term modulation of the alignment signal is difficult to overcome, although smoother curves can be achieved for longer pulses as seen in Fig. 8 for σ = 2-4. The details, however, are not of main interest here. Actually, in a realistic experimental situation dissipation and/or dephasing due to contact with the surrounding crystal should serve to quench the remaining wave-packet coherence and corresponding oscillations in the signals.
Therefore, in the following, we concentrate on the question of reaching high alignment during the pulse, which mainly depends on the intensity and polarization direction of the external field. Another feature of gas phase adiabatic alignment is that the maximum degree is achieved at the center of the pulse (τ = 0). This property is also found for the case of matrix-isolated molecules, regardless of the pulse widths in the range of σ investigated here. Other significant differences between gas phase and octahedrally trapped molecules are fields, as will be analyzed below.
A. Cooperative fields
In this section we investigate the mechanism causing the stepwise progression of molecular alignment in octahedral fields during the first half of the pulse. To this end, we compare the signal in the cooperative case (D 4h ) with stationary dressed-state energies E n (∆ω) of
Ref. [27] . Figure 9 presents a synopsis of the field intensity ∆ω = 0-100, avoided crossings of the energy levels E n , and transient plateaus of the alignment degree cos crystal-field states at ∆ω 5 (τ −2) resulting in the formation of the 1A 1g -1A 2u pair of aligned states [27] . After this, the alignment is not enhanced but is subject to rather weak (from Ref. [27] , and scaled as in Table I) molecule.
B. Competitive fields
Next, we investigate the alignment control for a competitive arrangement of the two fields (D 2h symmetry). Here the target direction is along a 110 axis which corresponds to saddle points of the octahedral potential. Hence, the potential well induced by the laser field must be large compared to the static crystal field. We know from Ref. [27] and gas-phase cases also included in Table II further clarifies the competitive effect. The directional differences between the κ = 25 cases are 14%, 2%, and 1% for the same ∆ω's as above. The reduction with respect to the gas phase amounts to 23%, 10%, and 5%, respectively. Thus the crystal-field effect is more pronounced for the low alignment-field strengths.
VI. CONCLUSIONS
We have numerically investigated the alignment of a linear molecule in a cubic crystal, where the trapping site of the molecule exhibits octahedral symmetry. This study serves to complement the previous reports [26, 27] , where we have assessed the problem without explicit treatment of the time dependence and explained the solid-state effects using adiabatic field-dressed energy levels and corresponding librational wave functions only. Here, the alignment is obtained by intense nonresonant laser pulses which add an effective, time-dependent anisotropic potential to the molecule-solid system. In order to distinguish whether nonadiabatic or adiabatic progression of alignment prevails, the pulse duration has to be related to the time scales for tunneling and librational dynamics of the matrix-isolated molecules.
Long pulses approaching the adiabatic limit were used for obtaining high alignment degree during the pulse. A sufficient condition for control purposes is σ = 1, i. e., the pulse width is the rotational period of the free ground-state molecule. The corresponding alignment is relatively stable, although it does not originate from strictly adiabatic progression due to interfering tunneling states. By varying the polarization direction of the pulse with respect to the crystallographic axes, we can switch between cooperative and competitive effects of the superposed internal and external potentials. The alignment proceeds more gradually in the competitive case, since the avoided crossings in the thermal average are of lower importance. For both of the directions studied here, high alignment degrees close to the gas-phase results can be achieved.
In contrast to the adiabatic case, pulses, that are short with respect to oscillation periods of the lowest librational states, can be used to create nonstationary wave packets in the postpulse regime. This gives rise to highly oscillating alignment signals which can be understood in terms of quantum beating of librational and other hindered-rotor states comprising the wave packet. Therefore, we propose to perform Fourier transforms of the observed alignment modulation to analyze the energy level structure of a trapped molecule in a solid. To access various regions of the spectrum, different compositions of the wave packet can be controlled by varying the pulse parameters. The intensity and duration dictate to a large extent the transition cycles leading to the final wave packet. Furthermore, the polarization direction brings about different selection rules for the excitations, which can be used to select completely different states with otherwise identical pulses.
We note that throughout this work the ensemble average is calculated using the partition function from the field-free energies, i. e., the Boltzmann weight factors are computed from the crystal-field energies only. This is equivalent to assuming very long rotational re-equilibration times of the ensemble. However, as the energy gaps between aligned and perpendicular states become large in the external field, a thermalization during the pulse would lead to a sharper rise of alignment than presented here, since it is no more dictated by the avoided crossings. In addition, since the lattice is fixed against rearrangements of the constituent atoms, the tabulated threshold intensity values in pursuing adiabatic alignment should be considered as upper limits. While in the fixed lattice the time scales are a direct result of the energy level structure of the molecule in the solid, thermal effects of the environment need to be taken into account in the liquid phase. In computational studies it was found that the time needed to achieve alignment was in the order of rotational diffusion, as also stochastic rotational torque was generated by continuous collisions with the solvent [38] . This time scale can be much shorter than what is required for adiabatic alignment in the gas phase. However, fluctuations are much less important in cryogenic solids studied here. Intrigued by the recent dense media applications reported [21, 22] , it will be interesting in our future work to proceed with molecules embedded in He droplets or bulk superfluid [39, 40, 41, 42] .
